Context: Polycystic ovary syndrome (PCOS), a common endocrine condition, is the leading cause of anovulatory infertility.
twice as large as that in dizygotic twins (38%) (2) , suggesting a genetic susceptibility to the disorder. Furthermore, male and female first-degree relatives have metabolic and reproductive features of the syndrome, including increased T2D risk, consistent with a genetic contribution to these phenotypes (1) .
The etiology of PCOS remains unknown. It is diagnosed by the presence of two or more reproductive phenotypes: hyperandrogenism, chronic oligoanovulation, and polycystic ovarian morphology (POM) (1) . Genome-wide association studies (GWAS) in Han Chinese and European PCOS have implicated gonadotropin secretion and action, ovarian androgen biosynthesis, insulin resistance, body weight, and sex hormone-binding globulin in the development of PCOS (3) (4) (5) . However, as with other complex diseases (6) , the 16 susceptibility loci identified have modest effect sizes and thus account for only a small fraction of the estimated heritability of PCOS.
One hypothesis for this deficit in heritability is that low-frequency or rare genetic variants with larger biologic effects play a more important role in complex disease pathogenesis than do variants that can be detected by GWAS (6) . GWAS are designed to detect common genetic variation [minor allele frequencies (MAFs) $ 0.05] (6). These variants are expected to have modest phenotypic impact because they have not been subjected to strong selective pressure (7) . Rare variants that cause larger biologic effects than common susceptibility variants have been found in other common, complex diseases. In T2D, rare variants likely to be deleterious were found in MTNR1B, which encodes melatonin receptor 1B (8) . Only the rare MTNR1B variants that resulted in total or partial loss of melatonin receptor 1B function increased T2D risk (8) . Rare coding variants have also been found in GCKR, another T2D GWAS susceptibility gene encoding glucokinase regulatory protein, in subjects with higher circulating triglyceride levels (9) . Collectively, these findings support the hypothesis that rare, functional coding variants can produce common, complex disease/trait phenotypes (6) .
Using an unbiased whole-genome sequencing (WGS) approach followed by targeted resequencing of AMH in a replication cohort, we identified significant evidence for association between functional mutations in the antiMüllerian hormone gene (AMH) and PCOS. In females, anti-Müllerian hormone (AMH; or Müllerian inhibiting substance) is a regulator of folliculogenesis (10) . AMH has also been shown to modulate steroidogenesis through its inhibition of CYP17 (11) . AMH is secreted by the granulosa cells of small, growing ovarian follicles (12) , and its expression is inversely correlated with follicle size (12) . Polycystic ovaries are characterized by an increase in ovarian follicles from the primary stages onward (1) . Levels of AMH are typically elevated in PCOS and correlate with antral follicle counts, although the mechanism for elevated AMH levels in PCOS remains unknown (12) . Elevated AMH levels are proposed to be a marker for the distinctive alteration in folliculogenesis that is a cardinal feature of polycystic ovarian morphology (12) . Furthermore, it has recently been demonstrated that AMH can regulate gonadotropin-releasing hormone release (13) , a mechanism that is perturbed in PCOS (14) . Accordingly, AMH is a highly plausible candidate gene for PCOS.
Materials and Methods

Subjects
The subjects were self-reported white people of European ancestry and had participated in our previous studies of PCOS (4, 15) (Table 1 ). The details of the assessment of study subjects and their clinical and biochemical features at enrollment were reported previously (4, 16, 17) . Patients with PCOS had the "classic" or National Institutes of Health (NIH) phenotype of Next-generation sequencing WGS was performed on DNA from 80 patients with PCOS and 24 control subjects by Complete Genomics (Mountain View, CA). Targeted resequencing of AMH was performed in DNA from 643 patients with PCOS and 153 control subjects at the Center for Inherited Disease Research (Johns Hopkins University, Baltimore, MD), using the Illumina HiSeq2000 (San Diego, CA) platform. Samples from 23 patients with PCOS and 12 control subjects were sequenced on both platforms. Genomic sequence data were thus available for analysis for a total of 700 patients with PCOS and 165 control subjects.
Bioinformatic pipeline
Analyses for WGS and targeted sequencing results are outlined in Fig. 1 . From WGS analyses, genes having PCOSspecific, rare (MAF , 0.01), likely deleterious (i.e., missense, nonsense, or splice site) variants, as well as a biological rationale for being a PCOS susceptibility locus were carried on to targeted resequencing.
Variant validation
All annotated variants surviving the filters described earlier were verified using polymerase chain reaction (PCR) amplification of genomic DNA and Sanger sequencing.
Cell culture
COS7 cells (African green monkey kidney fibroblastlike cell line; American Type Culture Collection, Manassas, VA) were maintained in Dulbecco's modified Eagle medium, high glucose + GlutaMAX (Thermo Fisher Scientific, Waltham, MA) containing 10% fetal bovine serum (Hyclone, Logan, UT) at 37°C with 5% CO 2 .
AMH plasmid constructs
The AMH coding region was PCR amplified from carriers of AMH variants. PCR products were subcloned into pcDNA 3.1. The reference AMH (build GRCh37/hg19) construct was generated in parallel to variant constructs.
Transfection and dual reporter assay
To quantify the signaling potential of AMH variants in their homozygous variant and heterozygous states relative to the homozygous reference, we used a dual luciferase reporter assay in which binding to MISRII activates a firefly luciferase reporter (19) . Applied Biosystem TaqMan primers were used to quantify mRNA expression of AMH (Hs01006984_g1) relative to the housekeeping gene GAPDH (Hs02758991_g1).
Hormone assays
T, uT, dehydroepiandrosterone sulfate (DHEAS), sex hormone-binding globulin (SHBG), luteinizing hormone (LH), and follicle-stimulating hormone (FSH) levels were determined as previously reported (4, 16, 17) (Supplemental Table 1 ). AMH was measured by enzyme-linked immunosorbent assay [Ansh Laboratories, Webster, TX (17)] in 259 patients with PCOS and 126 control subjects for whom serum samples were available.
Statistical analysis
Statistical tests were implemented using SPSS statistics (IBM, Armonk, NY). Normality of hormonal and demographic end points were evaluated by the Kolmogorov-Smirnov test. All tests were twotailed and a levels ,0.05 were considered statistically significant.
Association testing
We tested for association between functional AMH variants and PCOS using a gene-based burden test approach (20) and combined all functional AMH variants into one statistical test. We tested for association between functional AMH variants and PCOS using two independent control groups: 165 reproductively normal women from this study and populationbased control subjects (n . 100,000; Table 2 ).
Results
Study participant characteristics
Patients with PCOS were significantly younger and heavier than control subjects (Table 1) . T, uT, DHEAS, LH, and AMH levels were significantly elevated in patients with PCOS. SHBG levels were significantly decreased in patients with PCOS compared with control subjects. These observations are consistent with the biochemical profile of PCOS (16) . The results of these comparisons using other assays methodologies were similar to those reported in Table 1 . There were no significant differences in the clinical or biochemical features of the patients with PCOS who underwent WGS compared with those who underwent targeted resequencing.
PCOS-associated AMH rare variants identified by next-generation sequencing
Analysis of WGS data in 80 patients with PCOS and 24 control subjects ( Fig. 1) identified three rare, putative functional coding variants in AMH, the gene encoding AMH. These variants were found in five women with PCOS [T143I, n = 3; P270S, n = 1; exon2/3 splice site, n = 1; Fig. 2 (a)] and were confirmed by Sanger sequencing. No AMH coding variants were found in control subjects. No other genes were identified in the WGS cohort with rare, likely-to-be-detrimental variants limited to patients with PCOS that were logical PCOS susceptibility loci; thus, AMH was carried forward for further analysis.
We used a targeted resequencing approach to further evaluate genetic variation in AMH in a larger PCOS cohort ( Fig. 1 ). Resequencing patients with PCOS (n = 643) and control subjects (n = 153), including 22 women with PCOS and 12 control subjects from the WGS cohort, identified 21 additional rare (MAF , 0.01) coding variants ( Table 2 ). All subjects were heterozygous for the variants and, where parental DNA was available for sequencing, variants were inherited rather than generated de novo. The variants were dispersed across all five exons of AMH, including one splicesite variant following the second exon [ Fig. 2(a) ]. Twentyone variants were in the prodomain region and three variants were in the mature domain of the AMH protein.
Eighteen of the variants were found only in patients with PCOS (PCOS-specific variants). Fifteen of the 18 variants were singletons (found only in one subject), and three variants occurred in multiple patients with PCOS (V12G occurred in six patients; T99S in two; P352S in three). One patient with PCOS had two missense variants, R194H and A385V, mapping to the same copy of the gene [Supplemental Fig. 1(A) ]. Four variants were found in patients with PCOS and in control subjects; two variants were found only in control subjects. One woman in the control group was compound heterozygous for variants D288E and V553L [Supplemental Fig. 1(B) ]. Five AMH variants [i.e., V12G, P151S, splicing (ex2/3), R302Q, and H506Q] found in 10 patients with PCOS have also been identified in persistent Müllerian duct syndrome (PMDS) (21) . None of the PMDS variants were found in control subjects.
Variant deleteriousness was evaluated using combined annotation-dependent depletion (22) . The combined annotation-dependent depletion scores were broadly distributed and did not correspond well with known loss of function in PMDS variants. Analogous analyses with the programs Polymorphism Phenotyping (Polyphen; http:// genetics.bwh.harvard.edu/pph2/) (23), Sorting Intolerant From Tolerant (SIFT; http://blocks.fhcrc.org/sift/SIFT.html) (24) , and Genomic Evolutionary Rate Profiling (GERP; http://genome.ucsc.edu) (25) were also inconsistent.
PCOS-specific AMH variants significantly reduce signaling activity
Dual luciferase assays demonstrated a significant reduction of AMH-mediated BRE induction in 17 of the 18 PCOS-specific variants [ Fig. 2(b) ; Table 2 ] in COS7 cells. In contrast, none of the variants that were found in both patients with PCOS and in control subjects (n = 4) or in control subjects only (n = 2) showed a significant reduction in signaling compared with reference AMH [ Fig. 2(b) ; Table 2 ]. Quantitative real-time reverse transcription polymerase chain reaction of RNA isolated from COS7 cells transfected with AMH variants found in PCOS patients and control subjects demonstrated that all variant AMH transcripts were similarly expressed to reference AMH transcripts 48 hours after transfection [ Fig.  2(c)] ; thus, the signaling impairment observed in the functional variants was not simply due to a defect in variant expression but is due to a reduction in signaling capacity.
PCOS-specific AMH variants show dominant-negative effect
Dual luciferase assays of COS7 cells cotransfected with equal amounts of PCOS-specific variant and reference constructs (i.e., heterozygous state) displayed 25.05% (63.45% standard deviation) greater signaling capacity than PCOS-specific variant constructs alone (i.e., homozygous variant state), averaged across the three PCOS-specific variants tested (Fig. 3) , rather than the expected 50% to75% signaling increase if no impairment of activity was due to a dominant-negative interaction between wild-type and variant peptides. Variant P284S, which was identified only in control subjects, consistently showed wild-type signaling in homozygous and heterozygous states (Fig. 3 ).
Significant association of functional AMH variants with PCOS
We tested for association between functional AMH variants and PCOS using two independent control groups: the 165 reproductively normal women whose genomes were sequenced in this study and population-based control subjects (men and women) from the ExAc aggregated populations cohort (n . 100,000; http://exac.broadinstitute. org) or 1000Genomes European ancestry (n = 1006; http://www.1000genomes.org) cohort when no data were available in ExAc aggregated populations. The functional AMH variants were significantly associated with PCOS in our cohort of 700 women with PCOS and 165 control subjects (x 2 = 10.55; P = 0.0012; Table 2 ). Furthermore, evidence for association between functional AMH variants and PCOS was highly significant with the population-based control cohort (x 2 = 154; P , 10
28
; Table 2 ). Age, body mass index, T, uT, DHEAS, SHBG, FSH, and LH levels did not differ significantly between patients with PCOS with functional AMH variants compared with patients with PCOS without AMH coding variants (Supplemental Table 2 ).
Discussion
PCOS is a highly heritable, complex genetic disease (2). Several common genetic PCOS susceptibility loci have been reproducibly mapped using family-based association tests (3, 26) or GWAS (3, 27) . Taken together, these loci account for only a fraction of the heritability of PCOS, analogous to findings in other complex traits or diseases (6). One hypothesis for the observed deficit in heritability is that uncommon or rare genetic variants with greater phenotypic effects contribute to disease pathogenesis (6). We tested this hypothesis using an unbiased WGS approach followed by targeted resequencing of AMH in a replication cohort and validation of variants in a functional assay. We identified 24 rare coding and splice-site variants in AMH. Eighteen of these variants were PCOS-specific. The remaining variants were found in patients with PCOS and control subjects or solely in control subjects. Seventeen of the 18 PCOS-specific variants decreased AMHmediated signaling in COS7 cells. The one PCOS-specific variant with wild-type signaling activity encoded an alanine to valine substitution (A372V), a relatively conservative amino acid change (28) . In contrast to the PCOS-specific variants, none of the six variants present in control subjects (i.e., T143I, D288E, Q325R, V553L, P284S, and A519V) reduced AMH signaling in COS7 cells. The functional AMH variants were significantly associated with PCOS relative to reproductively normal women (i.e., our phenotyped control subjects; n = 165) and highly significant relative to a much larger population-based control cohort (in ExAc Aggregated Populations; n ; 120,000).
Sixteen of the 17 functional PCOS-specific variants were in the prodomain region of AMH. Upon proteolytic cleavage, the prodomain remains noncovalently associated with the mature domain and has been shown to influence mature domain activity (29) ; thus, variants in the prodomain are likely to have an effect on mature protein processing and/or bioactivity. All the subjects were heterozygous for the variants. Given that AMH functions as a homodimer (29) , AMH variants in the heterozygous state were hypothesized to have a phenotypic impact via a dominant-negative interaction between a wild-type and variant AMH peptide (29) .
Specifically, wild-type AMH dimers would only account for a quarter of total AMH in individuals heterozygous for AMH variants. In support of a dominant-negative interaction model, COS7 cells expressing AMH variants in the heterozygous state generated approximately a 25% greater signaling capacity than AMH variants in the homozygous variant state, exactly as predicted under a completely dominantnegative model. These results suggest that only 25% of wild-type AMH dimers were able to achieve signaling capability in vitro.
Approximately 3% (24 of 700) of our PCOS cohort of European ancestry had functional AMH variants. The women with PCOS were younger and heavier than the control subjects, a common finding in studies of PCOS (4) . Accordingly, the analyses were adjusted for age and body mass index. There were no significant phenotypic differences between patients with PCOS with functional AMH variants and those with wild-type AMH genotypes. The AMH levels in patients with mutations were within the range of AMH levels observed in PCOS (1) and significantly higher than those observed in control subjects (Table 1) . There were no significant differences in clinical and biochemical features between patients with PCOS with AMH functional variants and those with PCOS without coding variants.
In men, homozygous or compound heterozygous mutations in AMH and its receptor, AMHR2, are the most common causes of PMDS (21), a rare, autosomal recessive intersex disorder characterized by the presence of Müllerian duct structures in genotypic males (21) . Five of the AMH variants identified in our cohort of patients with PCOS [i.e., V12G, P151S, splicing (ex2/3), R302Q, and H506Q] have also been identified in PMDS males (21) . In the women harboring PCOS-associated AMH variants that reduced signaling, 42% (10 of 24) are PMDS-associated AMH variants with documented loss of AMH activity in PMDS (21) . The phenotypic features of females in PMDS families with AMH variants have not been reported but, based on our findings, one would predict that female carriers of AMH variants have PCOS. Males with PMDS and AMH variants have circulating AMH levels ranging from undetectable to normal (21) . These findings are consistent with our observation that circulating AMH levels are not correlated with AMH signaling capacity and suggest that AMH levels, per se, are not an accurate surrogate of AMH signaling activity in PCOS.
AMH has been proposed as a plausible PCOS candidate gene, given its role in folliculogenesis. Polycystic ovarian morphology (PCOM) is a key reproductive feature of PCOS (12, 30) . PCOM is characterized by a distinctive twofold to fourfold increase in small preantral follicles, suggesting an alteration in gonadotropinindependent folliculogenesis (30) . AMH is secreted by the granulosa cells of these early developing follicles (12, 30) . Serum AMH levels correlate with antral follicle counts in both reproductively normal women as well as in those with PCOS (12) . Accordingly, elevated AMH levels in women with PCOS have been considered a consequence of the increased number of these early-stage follicles (12) .
There have been conflicting reports on the role of AMH in primordial follicular recruitment (10, 31, 32) . In female mice, targeted disruption of AMH inhibited primordial follicle recruitment and FSH-induced follicular growth resulted in premature ovarian failure (33), the opposite phenotype of PCOM (12) . Furthermore, the loss of one AMH allele in mice caused a significant enhancement of follicle recruitment followed by premature ovarian failure compared with control littermates, suggesting a gene-dosage effect for AMH in the rodent ovary (34) . However, in contrast to findings in mice, knockdown of AMH bioactivity by active immunization with keyhole limpet hemocyanin-conjugated AMH peptides in female sheep did not affect the rate of primordial follicle recruitment (32) . These findings suggest that there are species differences in the ovarian actions of AMH.
In women, AMH variation has been implicated in the pathology of premature ovarian insufficiency (POI). Mercadal et al. (35) found three heterozygous AMH variants with reduced AMH-mediated BMP Responsive Element induction (G264R, D288E, and R444H) in women with POI (35) . Two variants (D288E and Q325R) were also found in our patients with PCOS and in our reproductively normal women in the control group. However, both D288E and Q325R demonstrated wild-type AMH bioactivity [ Fig. 2(b) ] in our assay. In addition, none of the 24 patients with PCOS with AMH variants that reduced AMH-mediated BRE induction had evidence for POI as defined by FSH levels (i.e., FSH level .40 mIU/mL) (36) . Differences in the experimental approach to evaluate signaling potential of the AMH variants may explain the differences in signaling potential observed between our study and that of Mercadal et al. (35) . Mercadal et al. (35) first purified and quantitated variant AMH before the luciferase assay, whereas in our assay, AMH bioactivity was measured directly in the cells expressing AMH variants. Given that we have evaluated a broad spectrum of AMH variants in women with PCOS and control subjects, and these women have no clinical evidence of POI, we conclude that AMH functional variation is generally not associated with POI.
A plausible mechanism by which reduced AMH signaling could contribute to the pathogenesis of PCOS would be by decreased inhibition of ovarian testosterone production. In boys, AMH levels decrease just before puberty and are inversely correlated with testosterone postnatally (37) . In transgenic male mice overexpressing AMH (37) , as well as in isolated mouse Leydig cell cultures (11, 37) , AMH inhibits testosterone production by downregulating transcription of CYP17, reducing both its 17a-hydroxylase and 17,20-lyase activities, which are rate limiting for androgen biosynthesis. In female mice, intraperitoneal administration of recombinant AMH significantly lowers testosterone levels (38) . Wild-type AMH is thus predicted to inhibit theca cell androgen production, analogous to its action in Leydig cells (11) . Accordingly, AMH mutations with reduced bioactivity are predicted to increase theca cell androgen production due to loss of CYP17 inhibition by AMH (Fig. 4) . In support of this hypothesis, Nelson et al. (39) observed an increase in CYP17 mRNA in theca interna cells of women with PCOS compared with that in reproductively normal women in the control group. Alternatively, AMH inhibits FSH-induced aromatase activity (40) and reduced aromatase activity results in increased testosterone levels due to reduced aromatization of androgens to estrogen. Interestingly, Kevenaar et al. (41) demonstrated that women with AMH and AMHR2 variants had higher serum estradiol levels. It remains to be determined which of these mechanisms contributes to hyperandrogenemia in the subset of patients with PCOS with AMH mutations.
As expected, women with PCOS with functional AMH variants had markedly elevated T levels compared with the control group, and whereas median T levels in women with AMH mutations are nominally higher than what is observed in women without AMH variants, this observation is not statistically significant. Given that PCOS is a complex, multifactorial trait, it is our hypothesis that the underlying cause of hyperandrogenemia in PCOS is due to multiple distinct mechanisms. In a subset of women with PCOS, hyperandrogenemia is due to mutations in AMH or other members of the AMH signaling pathway, whereas in other women with PCOS, as predicted by the GWAS findings, hyperandrogenemia is due to alternative pathways (3) (4) (5) . Further evaluation of these pathways will elucidate the relative impact of a given PCOS subphenotype in individual patients with PCOS.
We identified rare AMH variants with decreased bioactivity in 3.4% of our patients with PCOS. Rare variants identified in the insulin receptor gene and in genes regulating adipogenesis, such as those encoding lamin A/C and peroxisome proliferating factor-g, cause extreme phenotypes of PCOS: type A syndrome and familial partial lipodystrophies, respectively (42) . However, to our knowledge, this is the first report of rare variants associated with the common, nonsyndromic form of PCOS (3, 26) . For complex traits like PCOS, disease burden attributable to a single gene is expected to be modest. A large-scale analysis of rare PPARG variants with reduced function in an adipocyte differentiation assay that substantially increased T2D risk identified one such variant per 1000 individuals screened (0.1% carrier rate) (43) . Our findings suggest that mutations in other members of the AMH signaling pathway could also contribute to PCOS. Genetic variation in AMH regulatory elements that decrease gene transcription or in AMHR2 and other members of the AMH signaling cascade are predicted to have a similar phenotypic effect as AMH coding variants that reduce AMH bioactivity. Although common variants in AMHR2 were not associated with PCOS per se in patients with PCOS who were of Dutch ancestry, they were associated with AMH levels in women with PCOS (44, 45) . In a Greek cohort, the common AMHR2 variant rs2002555 was associated with PCOS directly (46) . Although these studies were limited to common variation, they provide further evidence for a role of AMH signaling in PCOS. The current study was not designed to detect regulatory variants. Moreover, because our discovery WGS cohort was small, we cannot exclude mutations in other members of the AMH signaling cascade. Similarly, we cannot exclude rare genetic variants in other genes or pathways accounting for some cases of PCOS. In fact, given the complex, multifactorial nature of PCOS, we expect that other pathways to also contribute to its etiology.
Our study subjects were of European ancestry and fulfilled the NIH criteria for PCOS of hyperandrogenism and chronic anovulation; ovarian morphology was not assessed (4, 16) . Further studies are needed to assess the contribution of AMH mutations to the other Rotterdam PCOS phenotypes, hyperandrogenism and PCOM without anovulation, and chronic anovulation and PCOM without hyperandrogenism (47) , as well as to PCOS in other racial/ethnic groups. Elevated AMH levels have been found in the sons (48) , brothers, and fathers of affected women. It will now be possible to assess the contribution of AMH mutations to the male PCOS phenotype.
In conclusion, we identified 17 variants in AMH with reduced signaling potential in 24 women with PCOS. No such variants were observed in unaffected women in the control group. Thus, rare genetic variants do contribute to the pathogenesis of PCOS and account for some of the heritability not explained by the common PCOS susceptibility variants identified in GWAS. Furthermore, no evidence for association with PCOS in the AMH genomic region was detected in GWAS studies of PCOS (3, 4) , underscoring the need for rare variant screens in parallel with GWAS to detect the full spectrum of PCOSassociated genetic variation. It is our hypothesis that these AMH mutations lead to the PCOS phenotype by abrogating AMH's transcriptional inhibition of CYP17 role in androgen biosynthesis, resulting in hyperandrogenemia. Our findings provide a mechanism for the characteristic increase in circulating AMH levels in PCOS-decreased bioactivity of the molecule. Furthermore, they implicate the AMH signaling pathway in the pathogenesis of PCOS.
